Aging is a progressive loss of physiological integrity leading to impaired function and increased vulnerability to death. Research into the mechanisms of aging could contribute to a better understanding of many chronic diseases. Chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF) are chronic respiratory diseases associated with aging due to the fact that "accelerated" aging of the lung has been proposed as an important mechanism in both diseases. Many of the hallmarks that have been described in aging are also present in chronic obstructive pulmonary disease and idiopathic pulmonary fibrosis. Telomere attrition, loss of proteostasis, mitochondrial dysfunction, cellular senescence, and stem cell exhaustion are all mechanisms of aging present in both diseases. In this review we will examine the underlying mechanisms that link aging with idiopathic pulmonary fibrosis and chronic obstructive pulmonary disease. (BRN Rev. 2017;3:18-29)
INTRODUCTION
Aging is a process that affects all human beings physically, emotionally, and psychologically. In recent years, different publications have addressed the process of aging from a scientific perspective. In recent decades, life expectancy (average total number of years that a human expects to live) has been progressively increasing, especially in developed countries 1 . It is estimated that the 65-yearsold and over populations will increase from 41.4 million in 2011 to 79.7 million by 2040 in the USA 2 .
Many different chronic diseases that represent a serious burden for the medical community are associated with the process of aging. In the case of lung diseases, COPD and IPF are described as diseases associated with aging. In this paper, we review the biology of aging and its relationship with the pathogenesis of IPF and COPD.
CELLULAR AND MOLECULAR PROCESSES ASSOCIATED WITH AGING AND CHRONIC RESPIRATORY DISEASES
From a biological point of view, aging is a progressive loss of physiological integrity, leading to impaired function and increased vulnerability to death 3 . A group of experts have described different hallmarks that contribute to the process of aging: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular communication 3 (Table 1 ). The authors proposed that each hallmark should ideally fulfil the following criteria: (i) it should manifest itself during normal aging; (ii) its experimental aggravation should accelerate aging; and (iii) its experimental amelioration should retard the normal aging process and hence extend the healthy lifespan. Most of these mechanisms could interact and contribute globally to the process of aging 3 . Genomic instability, telomere attrition, epigenetic alterations, and loss of proteostasis are the primary hallmarks that cause the initial damage. After this initial damage, mitochondrial dysfunction, cellular senescence, and deregulated nutrient sensing develop to mitigate the damage. These processes could be deleterious when prolonged during the lifespan. Finally, integrative hallmarks such as stem cell exhaustion and altered intercellular communication are the final results of the initial injury and are directly responsible for the functional damage associated with aging ( Fig. 1 ).
More recently, the National Institute of Health (NIH) GeroScience Interest Group (GSIG) 4 has described what it considers to be the pillars of aging: macromolecular damage, epigenetics, inflammation, adaptation to stress, proteostasis, stem cells, and regeneration and metabolism. Based on these different pillars or areas, the group has proposed important goals to achieve in the coming years (Table 1) . Interestingly, the authors did not define these characteristics as seven independent factors driving aging; rather, they understood they were inseparably intertwined processes, and that the interplay between these seven pillars was critical. In addition, although the themes in "pillars of aging" were more general, epigenetics, proteostasis, and stem cells coincided in both approaches.
The different characteristics of aging are involved in many chronic respiratory disorders. In fact, many authors consider COPD and IPF to be model diseases of "accelerated" aging in the lung. When the normal lung is challenged by an injury, depending on whether the response is local 5 or systemic 6 , a different disease is developed (Fig. 2) . Additionally, aging modifies the capacity of "defensive" responses in the lung. Along these lines, different therapies directly related to several hallmarks of aging could be currently applied and consequently could improve the deficient response observed during aging (Fig. 3 ).
COPD is a chronic disease with high morbidity and mortality. It is thought that the prevalence of the disease will continue to rise and it is expected to be the third most common cause of death worldwide by 2020 7 . Although smoking is the main risk factor for the development of COPD 8 , this disease is also considered a type of accelerated lung aging because it is uncommon before the age of 40 and its prevalence increases after 60 years of age 9 .
IPF is a chronic interstitial lung disease characterized by progressive dyspnoea and the 10 . Its evolution is heterogeneous and may vary in form, ranging from a slow progression to accelerated forms and acute exacerbations. However, progressive deterioration is unavoidable, with a median survival of 3-5 years from the time of diagnosis 11 . The disease is characterized by the aberrant activation of epithelial cells, which secrete numerous mediators, resulting in expansion of the fibroblast/myofibroblast population, with the subsequent exaggerated accumulation of extracellular matrix and destruction of the lung architecture 12 . As a disease that typically occurs in elderly people, it has been suggested that common mechanisms could be involved in aging and IPF 5 .
TELOMERE ATTRITION
Telomeres are particularly susceptible to age-related deterioration. Telomere shortening is observed in normal aging 13 . To avoid the process of loss of deoxyribonucleic acid (DNA) in the telomeres with subsequent mitosis, a specialized DNA polymerase named "telomerase" is present in many cells. However, abnormal telomerase dysfunction and consequently accelerated telomere shortening could induce premature aging and the development of many diseases 3 . Telomerases have two core components: TERT, the telomerase reverse transcriptase, and TR, the telomerase RNA that provides the template for telomere repeat addition 14 . Mutations in TERT and TR cause telomerase haploinsufficiency and short telomere defects, which are frequently recognized in many chronic diseases.
Telomere attrition in COPD
Telomere attrition is one of the most important hallmarks of aging. It has been demonstrated that telomerase-null mice with short telomeres develop emphysema after chronic cigarette smoke exposure 15 . In two human cohorts, the prevalence of TERT mutations was found in 1% of patients. In fact, in families, emphysema showed an autosomal-dominant inheritance pattern, along with pulmonary fibrosis and other telomere syndrome features, but manifested only in smokers 16 .
Telomere attrition in idiopathic pulmonary fibrosis
In familial pulmonary fibrosis, defined as idiopathic interstitial pneumonia in two or more first-degree relatives (parent, sibling, or offspring), telomerase mutations are the most common identifiable genetic cause of the disease 17, 18 . Further, in sporadic IPF, telomere shortening is observed even in the absence of telomerase mutations 19 . The telomere length defect is seen in multiple leukocyte subsets as well as lung epithelial cells 20 . This observation has led to the idea that short telomere length may be a risk factor for this disease 21 . In addition, a subset of IPF patients concomitantly develops cryptogenic liver cirrhosis, another telomere-mediated phenotype 20 . A subsequent study reported that shorter leucocyte telomere lengths were associated with lower survival rates in IPF 22 . Mutations in encoding polyadenylation-specific ribonuclease deadenylation nuclease (PARN) and encoding regulator of telomere elongation helicase 1 (RTEL1), genes that are related to telomere maintenance, have also been recently involved in familial pulmonary fibrosis and telomere shortening 23 .
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MITOCHONDRIAL DYSFUNCTION
Mitochondrial dysfunction is observed in many different chronic respiratory diseases 24 .
With aging, the efficacy of the respiratory chain tends to be reduced, thus increasing electron leakage and reducing adenosine triphosphate (ATP) production 25 . Mitochondrial dysfunction is associated with an increase in reactive oxygen species (ROS) that has classically been associated with aging. However, the increase in ROS may prolong lifespan in yeast and C. Elegans 3 . The hypothesis is that the primary effect of ROS would be the activation of compensatory homeostatic responses. As chronological age advances, cellular stress and damage increase and the levels of ROS increase in parallel in an attempt to maintain survival. Beyond a certain threshold, ROS levels eventually aggravate, rather than alleviate, the age-associated damage, which could explain the increased ROS that has been associated with age-related diseases 3 . Aging also could be associated with different mutations of the mitochondrial genes that may impair important proteins of the respiratory chain complex. On the other hand, chronic oxidative stress could result in mitochondrial DNA damage and abnormal oxidative phosphorylation 26 .
Mitochondrial dysfunction in COPD
In COPD, evidence of oxidative stress in the lungs, blood, and skeletal muscle has been observed, which could lead to mitochondrial dysfunction 27 . Recently 28 it has been demonstrated that iron-responsive element-binding protein 2 (IRP2), a protein that regulates cellular iron homeostasis, is greater in COPD. The IRP2 increases mitochondrial iron loading and levels of cytochrome c oxidase (COX), which leads to mitochondrial dysfunction and subsequent experimental COPD.
Other factors have also been described in mitochondria from COPD patients. Prohibitin-1 (PHB1), a mitochondrial protein that interacts with the nicotinamide adenine dinucleotide (NADH) dehydrogenase protein complex, and is linked to aging, is significantly downregulated in bronchial epithelial cells from patients with COPD 29 . Recent studies suggest that E3 ubiquitin ligase, Parkin/PARK2, and phosphatase and tensin homologue (PTEN)-induced putative protein kinase 1 (PINK1) are the main regulators in the elimination of dysfunctional mitochondria 26 . Expression of PINK1 is increased in COPD, suggesting excessive mitophagy responsible for necroptosis of bronchial and alveolar epithelial cells 30, 31 . In fact, the PINK1 −/− mice are protected against cigarette smoke-induced mitochondrial dysfunction 31 . Additionally, in macrophages from smokers, mitophagy is impaired due to a failure in the autophagic flux 32 . Mitophagy in COPD could be one of the potential explanations for the persistence of ROS and why patients with COPD have fragmented mitochondria despite smoking cessation.
Mitochondrial dysfunction in idiopathic pulmonary fibrosis
Patients with IPF also have increased markers of oxidative stress, both locally in the lungs and systemically 33 . Limited information is available about the role that mitochondria dysfunction could have in IPF. A recent study 34 mitochondria. These mitochondrial abnormalities in AECIIs of IPF lungs were associated with upregulation of endoplasmic reticulum (ER) stress markers and were also seen in normal mice of advancing age in response to stimulation of ER stress. In addition, impaired mitochondria in IPF and aging lungs were associated with low expression of PINK1, a kinase that plays an important role in the maintenance of mitochondrial morphology and function and in the selective degradation of damaged mitochondria by mitophagy.
We have recently reported that fibroblasts isolated from IPF explanted lungs have fewer mitochondria and decreased respiration and glycolysis, leading to a lower ATP production compared to age-matched controls 35 .
LOSS OF PROTEOSTASIS
Proteostasis is the process of protein homeostasis, which involves mechanisms for the stabilization of correctly folded proteins (most prominently ruled by the heat shock family of proteins, HSP) and mechanisms for the degradation of proteins by the proteasome or the lysosome 3 . Molecular chaperones are central to the function of proteostasis and can be broadly grouped into the HSP70, HSP90, DNAJ/ HSP40, chaperonin/HSP60, and small HSP (sHSP) families. From these chaperones, HSP70 and HSP90 are the best studied 36 . With aging, proteostasis is altered 37 . Additionally, as a consequence of proteostasis imbalance, chronic expression of unfolded, misfolded, or aggregated proteins could contribute to the development of some age-related pathologies, such as Alzheimer's disease, Parkinson's disease, and cataracts 38 . The causes of loss of proteostasis could be influenced because the chaperones implied in proteostasis are impaired or the decline of proteolytic systems with aging. Accumulation of damaged or misfolded proteins in the endoplasmic reticulum, a condition termed "ER stress", induces a compensatory cellular response termed the "unfolded protein response". When ER stress cannot be reversed, the unfolded protein response induces cell apoptosis 39 . On the other hand, the decline of autophagy (a function that selectively degrades and removes damaged proteins, organelles, and pathogens via lysosomes) is present in many diseases associated with aging, particularly when it is prolonged or excessive 26 .
Loss of proteostasis in COPD
The role of the imbalance in proteostasis has not been extensively studied in COPD. In the case of chaperones, circulating levels of HSP70 have been associated with an increased risk of COPD 40 . Additionally, the loss of Hsp90 expression in lymphocytes has been implicated in steroid resistance in COPD 41 . In relation to mechanisms involved in autophagy, scientific research is divided into evidence that demonstrates that the autophagy is excessive in COPD 42 , and studies showing that it could be defective 43 . The markers of autophagy are increased in lung peripheral tissue from patients with COPD, suggesting a possible increase in autophagy 42 .
Loss of proteostasis in idiopathic pulmonary fibrosis
The regulation and the maintenance of proteostasis in IPF have not been extensively
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Collaborative research studied, and the few studies have mainly focused on autophagy. Light chain 3-II (LC3-II) levels, a marker of autophagy, are significantly lower in lungs from patients with IPF 44 . In addition, aging contributes to a lower induction of autophagy on basal conditions and under starvation of IPF fibroblasts, mediated by mechanistic target of rapamycin (mTOR) pathway activation 45 . Interestingly, treatment with rapamycin and PP242, targeting the PI3K/AKT/mTOR signalling pathway, modifies starvation-induced autophagy and apoptosis in IPF fibroblasts 45 .
CELLULAR SENESCENCE
Senescence is the key hallmark of aging. Cellular senescence can be defined as a stable arrest of the cell cycle coupled to stereotyped phenotypic changes 3 . Telomere shortening is the main cause of cellular senescence, although non-telomeric DNA damage and depression of the inhibitors of CDK4 (INK4)/ alternative reading frame (ARF) locus could also induce senescence 46 . As the amount of senescent cells increases with aging, it has been thought that senescence contributes to aging. Although senescence could be a beneficial response to avoid the expansion of damaged cells, the accumulation of these cells due to increased formation of senescent cells and reduction of reparative mechanisms could lead to progressive loss of tissue functions 3 . In addition, senescent cells manifest changes in their secretome, which is particularly enriched in proinflammatory cytokines and matrix metalloproteinases. These changes are referred to as the ''senescence-associated secretory phenotype" (SASP), which could contribute to aging 47 . Taking into account recent available research from our group and others, we postulate that "accelerated" cellular senescence is the main mechanism in most chronic diseases like COPD and IPF. An analysis of senescence in tissues could be carried out by examining different markers. The most widely used assay for senescence is the detection of βgalactosi-dase activity, which is known as senescenceassociated β-galactosidase (SAβGAL). This activity is based on the increased lysosomal content of senescent cells, and probably reflects the increased autophagy occurring in senescent cells together with an enlargement of the lysosomal compartment. As cellular senescence is based on stable cell cycle arrest, the absence of proliferative markers, such as Ki67 protein or 5bromodeoxyuridine (BrdU) incorporation, is an essential condition to document senescence. Other canonical senescence markers comprise the most common mediators of senescence, including p16, ARF, p53, p21, p15, and p27 48 .
Cellular senescence in COPD
Many studies have demonstrated the presence of cellular senescence in COPD. In emphysematous lungs, there is considerable evidence for enhanced expression of p21, p16, p19, and SAβGAL activity 26 . Different cell types implicated in COPD show signs of senescence. It has been demonstrated that senescence affecting fibroblast and endothelial cells could favour the development of emphysema 49 . Patients with emphysema had significantly higher percentages of type II endothelial cells and were positive for p16 INK4a and p21 CIP1/WAF1/Sdi1 , suggesting that senescence in alveolar and epithelial cells is accelerated 50 . Recent evidence from circulating endothelial progenitor cells (blood outgrowth BARCELONA RESPIRATORY NETWORK endothelial cells) from smokers and patients with COPD shows increased DNA doublestrand breaks associated with senescence and impaired capacity for vascular repair compared with nonsmokers 51 . Two non-mutually exclusive mechanisms have been proposed, as cellular senescence could contribute to pathogenesis of COPD. First, when cellular senescence occurs, cellular proliferation slows and the balance is tipped toward apoptosis and the resulting formation of emphysematous lesions 27 . Second, as we have suggested above, the changes in the secretome associated with SASP could contribute to the development of COPD. Senescent cells demonstrate activation of nuclear factor kappa B (NF-kB), a major transcription factor in the regulation of inflammation. Senescent cells also release increased amounts of various inflammatory cytokines, resulting in enhanced inflammation 52 .
Cellular senescence in idiopathic pulmonary fibrosis
There is increasing evidence that cellular senescence plays a pivotal role in the development of IPF and could be present in different aspects of the disease.
In the lung, SAβGAL activity is present in the three cell types involved in IPF (alveolar, bronchial, mesenchymal) in both human and mouse lungs 48 . The senescence marker p16 is highly upregulated in fibroblasts of the fibrotic lesions and in the overlying epithelial cells in a bleomycin model of aged mice 53 . Similarly, p21 is greatly expressed in human bronchial cells covering the fibrotic masses, and in vitro analyses indicated transforming growth factor beta (TGF-β) as a key factor in the induction of p21 54 . Interestingly, it has also been demonstrated that rupatadine also impedes senescence upon bleomycin-induced fibrosis and diminishes the extent of lung fibrotic damage 55 .
We have recently reported that IPF fibroblasts seem to respond poorly to DNA damage and also have shorter telomeres and increased expression of p21 and p16 compared to controls. Additionally, IPF fibroblasts have decreased expression of collagen and fibronectin compared to age-matched controls at basal conditions as well as after TGF-β stimulation. On the other hand, TGF-β stimulation shows a tendency to decrease proliferation in IPF fibroblasts compared to controls. These findings suggest a premature senescence phenotype in IPF fibroblasts, which, taken with the lower expression of collagen found in the IPF fibroblasts, leads to the hypothesis that IPF fibroblasts are acting as senescent cells accumulating in the extracellular matrix 35 .
STEM CELL EXHAUSTION
Stem cell exhaustion, described as a decrease in different stem cell populations, is an integral characteristic of aging 3 . The size of stem cell populations depends on the balance between self-renewal and cell differentiation. When the self-renewal rate is lower than the rate of differentiation, the population declines due to exhaustion 26 . The reduction of the reparative capacities due to stem cell exhaustion is consequently associated with the corresponding loss of function in the different organs and the characteristic findings we observe in aging. [56] [57] [58] , but senescence can alter these effects. In a study by our group 59 , we compared the effect of a single dose of intratracheal bleomycin in a murine model of accelerated aging on six-month-old senescence-accelerated-prone mice (SAMP) and SA-resistant mice (SAMR) with 12-monthold mice. Fourteen days after the insult, we observed a decrease in lung repair ability in SAMP after bleomycin-induced lung injury, resulting in an increase in lung fibrosis when compared to SAMR. In SAMP, these changes were associated with higher levels of TGF-β in the lung, a higher number of fibroblast progenitor cells (or fibrocytes) in circulation, and a decrease in the ability of MSCs to respond to the soluble signals of injury. In our current study, we have observed that only the bleomycin-injured mice that were infused with B-MSCs from young donors have lower fibrosis, confirming the fact that in aging B-MSCs, the capacity of response to fibrosis is reduced.
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In addition to these results, we have recently demonstrated 60 that IPF B-MSCs show signs of accelerated senescence by βgalactosidase activity staining, with shorter telomere length, increased expression of senescence marker p21, and longer doubling times. In functional studies, IPF B-MSC and their age-matched controls were less effective than B-MSC from young controls in preventing fibrotic changes observed after bleomycin-induced lung injury in mice. In addition to these results, we have also demonstrated 60 that B-MSCs obtained from IPF patients are functionally defective, with changes in mitochondrial morphology and function. The IPF B-MSC mitochondria are smaller in size, exhibit decreased oxygen consumption rate, and are less glycolytic than the B-MSC from age-matched healthy individuals. These data correlate with reduced total ATP production and lower ROS generation per mitochondrion, albeit a slightly higher mitochondrial content. So, we have hypothesized that the reparative capacities of stem cells are diminished with aging. The potential therapeutic use of B-MSCs from young patients could be an option to enhance lung tissue repair (Fig. 4) .
CONCLUSION
Novel mechanisms have been described in the association between aging and chronic respiratory disorders. Although COPD and IPF are different disease entities, they share similar abnormalities related to aging mechanisms. From all the proposed hallmarks of aging 3 , we have presented novel mechanisms in telomere attrition, loss of proteostasis, mitochondrial dysfunction, cellular senescence and stem cell exhaustion. Although these mechanisms are observed in COPD and IPF, the reason why similar mechanisms lead to different diseases is unknown and warrants further research. The objective of the research into these mechanisms is to better understand these diseases and to explore novel drugs that can be used as new therapies that could improve the quality of life and survival in patients suffering from these pathologies. The link between aging and disease is still the object of fresh and innovative exploration.
